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ABSTRACT 
 
 
There is a growing interest in renewable, carbon-neutral biofuels such as ethanol 
and biodiesel. A life-cycle analysis is conducted in this study to determine the viability of 
using algae as a feedstock for biodiesel.  The method involves assessing energy use, 
fossil fuel use, greenhouse gas emissions, and criteria pollutant emissions using a 
simulation developed by Argonne National Laboratory.  The energy and emissions of 
algae-derived biodiesel are compared to those of soybean biodiesel, corn ethanol, 
conventional gasoline, and low-sulfur diesel.  Results show that there are sizeable 
greenhouse gas emission benefits attributed to the production of both types of biodiesel 
as compared to petroleum fuels.  Energy expenditures are much larger when producing 
algae biodiesel than compared to the other four fuels.  The alternative scenario of 
growing algae at a wastewater treatment plant is also evaluated and is proven to reduce 
fossil fuel consumption by 17%.  The results suggest that producing biodiesel from algae, 
while not yet competitive regarding energy use, does have many benefits and is worthy of 
further research and development. 
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CHAPTER I 
  
INTRODUCTION 
 
 
With limited supply and growing concerns of releasing greenhouse gases 
associated with global warming, continued fossil fuel use in transportation is proving to 
be unsustainable, paving the way for biofuels on the market.  Biofuels, such as biodiesel 
and ethanol, are renewable and presumably more environmentally friendly than 
petroleum transportation fuels and can be made from domestic energy sources, thus 
simultaneously alleviating our dependency on foreign oil and stimulating our economy.  
Corn ethanol and soybean biodiesel are common alternative fuels found at refueling 
stations in the United States today.  However, these crop-based fuels require substantial 
amounts of land, compete with food supplies, and ultimately, could never fully replace 
current fuel use in the nation’s transportation sector.  A popular alternative being 
researched today is the use of algae as a feedstock.  A relatively new process, producing 
biodiesel from algae on an industrial level needs further research and development.  In 
order to properly assess the utilization of algae as a feedstock for biodiesel production, a 
complete life-cycle analysis of algae-derived biodiesel needs to be made.  A partial life-
cycle analysis is conducted in this study by comparing the energy consumption and 
emissions of algae biodiesel to both petroleum fuels and other popular alternative fuels 
using the GREET program developed by Argonne National Laboratory. 
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Why Alternative Fuels?  
Conventional fuels, such as coal, natural gas, and petroleum, are slowly being 
depleted while the world’s dependency on, as well as the price for, these fuels is ever on 
the rise.  The United States currently consumes a full quarter of the world’s petroleum oil 
while only owning about two percent of the world’s oil reserves.  Consequently, the U.S. 
invests about one billion dollars a day on foreign oil.  America’s dependence on fossil 
fuels transfers U.S. money to a number of unfriendly regimes while depriving the nation 
of economic resources needed for domestic development.  In 2008 the U.S. imported oil 
from ten countries currently on the State Department’s Travel Warning List, which lists 
countries determined to be dangerous or unstable.  If this continues, the U.S. will become 
even more involved in the volatile Middle East and more dependent on disagreeable 
regimes if deflective measures are not taken now.  By developing more politically stable 
practices, such as the production of advanced biofuels, the United States can reduce its 
dependence on foreign oil, thus enhancing national security and economic development 
(Lefton and Weiss 2010). 
The combustion of fossil fuels also exacerbates green house gases (GHG) 
responsible for global warming.  Concerns about global warming effects have inspired 
nations around the world to reduce anthropogenic GHG emissions.  In December 1997, 
an international convention was held in Kyoto, Japan to address this developing issue.  At 
the conference, binding obligations were set on the industrialized countries to reduce 
GHG emissions.  The EPA (2012c) estimates that the transportation sector is responsible 
for 27% of the nation’s total GHG emissions.  With the number of vehicles on the roads 
constantly increasing, controlling transportation GHG emissions is necessary to maintain 
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the goals of the Kyoto Protocol (M. Wang et al. 1999).  By using alternative fuels, such 
as biofuels that consume carbon dioxide (CO2) during the growth of the feedstocks, total 
GHG emissions resulting from transportation can be mitigated.  
Apart from GHG emissions, the Clean Air Act requires the EPA to set National 
Ambient Air Quality Standards (NAAQS) for six principal pollutants responsible for acid 
rain, urban air pollution, and toxic air emissions.  The emissions of interest to the act are 
carbon monoxide (CO), lead, nitrogen dioxide (NO2), ozone (O3), particulate matter 
(PM), and sulfur dioxide (SO2).  Primary standards are defined to provide public health 
protection, including protecting the health of asthmatics, children and the elderly.  
Secondary standards regarding public welfare are also specified in the act.  These 
standards provide protection against damage to animals, crops, and buildings as well as 
defense against decreased visibility due to smog formation.  The Clean Air Act 
Amendments of 1990 encourage the use of oxygenated fuels, such as biofuels, to be used 
as petroleum additives to reduce emissions such as CO and precursors to smog formation 
(EPA 2012a).  With the limited supply and devastating environmental consequences of 
fossil fuels, our current reliance on these fuels is now recognized as unsustainable, and 
attention is being given to the development of alternative energy resources. 
 
Types of Alternative Fuels 
Ethanol 
Perhaps the most common alternative fuel to petroleum is ethanol.  Ethanol, or 
ethyl alcohol, is a colorless, volatile, flammable liquid and is widely known simply as 
drinking alcohol.  Apart from the properties that make ethanol a recreational beverage, 
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the alcohol also has characteristics favoring that of conventional gasoline available at the 
local gas stations in the U.S. today.  While the current gasoline-vehicle fleet is not suited 
for pure ethanol use, the fuel is currently used for gasoline dilution at concentrations up 
to 10% ethanol, called E10.  Most all of the ethanol produced in the U.S. is from the 
fermentation of corn grown in the Midwestern states.   Growth in ethanol production has 
created a new market for corn, therefore raising the average corn price and providing an 
economic stimulus for U.S. agriculture (Shapouri et al. 2002). 
 The U.S. government decided to promote the use of ethanol as a transportation 
fuel following the second oil crisis of 1979.  The next year, the nation used about 175 
million gallons of ethanol as a gasoline additive.  Ten years later, ethanol use received 
another boost when The Clean Air Act Amendments of 1990 established the oxygenated 
and reformulated gasoline program to help reduce criteria air pollutant emissions, 
primarily those of CO and NOX.  Another decade later in 2001, the popular oxygenate 
methyl tertiary butyl ether (MTBE) lost its credibility when it was found to contaminate 
underground water sources.  With this discovery, ethanol became the only remaining 
oxygenate to meet the reformulated gasoline requirements, leading to a rapid, three-year 
doubling in ethanol fuel use from 1.7 billion gallons in 2001 to about 3.4 billion gallons 
used in 2004.  The amount of ethanol used in transportation continues to rise (M. Wang et 
al. 2007). 
As the use of fuel ethanol has grown, corn-farming productivity has increased 
dramatically, and energy use in ethanol plants has been reduced by almost half.  Because 
of the higher corn yields, lower energy use per unit output for fertilizer production, and 
advances in fuel conversion technologies, corn ethanol is now confirmed to have a net 
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positive energy value.  This means that for every unit of fossil energy put into ethanol 
production, more than one unit of energy is produced.  Apart from reducing CO and 
NOX, using ethanol creates a net CO2 emissions total that is much less than gasoline since 
corn consumes carbon dioxide for photosynthesis.  Moreover, by using abundant 
domestic supplies of coal and natural gas to convert corn into a liquid fuel, the production 
of ethanol displaces petroleum imports, thus creating a more desirable form of energy 
(Shapouri et al. 2002).  
 
Biodiesel 
 Another alternative fuel of comparable caliber to ethanol is biodiesel.  Biodiesel is 
an oxygenated fuel source similar to petroleum diesel that can be produced from oil 
feedstock or animal fat.  Biodiesel is recognized as an alternative fuel under the Energy 
Policy Act of 1992.  Currently, the United States has introduced biodiesel at the pumps as 
a diesel additive at a concentration of 20% called BD20.  While biodiesel does differ 
slightly from conventional diesel, BD20 favors diesel adequately enough that engines 
designed to run off of petroleum diesel should not need modifications for the biodiesel 
fuel mix (NREL 2009). 
Biodiesel is usually obtained from vegetable oils via an alkali-catalyzed reaction 
known as transesterification.  The vegetable oils react with an alcohol, typically 
methanol, to form fatty acid methyl esters (FAME).  Many oil feedstocks can be used in 
the production of biodiesel including palm oil, coconut oil, canola oil, soybean oil, and 
waste cooking oil, to name a few.  Biodiesel is primarily produced from soybean oil in 
the United States, while Europe’s favorite feedstock is rapeseed.   According to the EPA 
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in January 2012, more than one billion gallons of fuel were produced in 2011, largely 
out-producing the national goal set by the Renewable Fuel Standard (RFS) of 800,000 
gallons.   The National Biodiesel Board (2012) determined that production of this 
magnitude supports over 39,000 jobs across the country, and with continued growth in 
the RFS, another 11,000 jobs could be added between 2012 and 2013 alone. 
Much like ethanol, biodiesel holds many advantages over its petroleum 
counterpart, diesel.  Since biodiesel is produced from plant oils, it is considered 
renewable.  Also, it is biodegradable and nontoxic.  Perhaps the most significant 
advantage of biodiesel lies in the fact that its plant feedstocks consume CO2 during 
growth.  With carbon dioxide being consumed during the growth phase of the feedstocks, 
the U.S. Department of Energy estimates that the production and use of biodiesel creates 
78% less carbon dioxide emissions than conventional diesel fuel.  Biodiesel use, as 
opposed to petroleum diesel, reduces carbon monoxide and particulate matter while 
eliminating sulfur oxide emissions.  Furthermore, it is a domestic, energy-efficient fuel 
that can displace and extend petroleum supplies, thus lessening our dependence on 
foreign oil (DOE 2003).   
 
Algae as a Feedstock 
 Another popular nominee for biodiesel production currently being researched is 
algae oil.  Extracted algae oil is of interest because, unlike crop-based biofuels, algae can 
be easily grown on nonarable land and does not displace major food crops.   Also, algae 
can be grown in water from a variety of nonpotable sources, such as marine, saline, 
brackish, and wastewater. Furthermore, microalgae contribute approximately 40-50% of 
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the oxygen in the atmosphere and simultaneously consume carbon dioxide during growth.  
Perhaps the greatest advantage of microalgae as a feedstock for biodiesel is that some 
species of algae contain significant amounts of lipids, with possibilities of over 50% of 
their dry-cell weight (Cheng and Ogden 2011).  These characteristics give algae the 
advantage of being the only feedstock for biodiesel capable of fully replacing current 
diesel consumption needs, simply due to lack of enough land for crop feedstocks (Chisti 
2007).   
 Using algae as a feedstock is not a new concept.  From 1978 to 1996, the U.S. 
Department of Energy funded a program to develop renewable transportation fuels from 
algae known as the Aquatic Species Program.  The heart of the program was the 
production of biodiesel from high lipid-content algae grown in ponds utilizing waste CO2 
from coal-fired power plants.  Before funding was dropped, many advances were made in 
the engineering of microalgae production systems.  Much of the research conducted 
during the near two decades of the program’s existence has been revisited lately to 
address the viability of using algae as a feedstock for biofuel production (Sheehan et al. 
1998).   
Despite the appeal of using algae for biodiesel, large-scale production of 
microalgae is still a rather undeveloped process that requires further research before 
algae-derived biodiesel is competitive with fuels currently on the market.  A present-day 
industrial challenge of the algae-to-biodiesel process is the efficiency of oil extraction. It 
is important to improve the problematic lysing techniques since lysing, or breaking open 
the algae cell, is the first critical step in the production of biodiesel fuel from algae. 
Researchers and industry alike have achieved decidedly poor efficiencies, driving up the 
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cost of energy needed for producing algae.  Therefore, algae oil has remained primarily a 
high-cost, high-value specialty oil sold for the nutritional value rather than as a 
commodity oil for biofuels (Mercer and Armenta 2011). 
 
Evaluating Algae as a Feedstock Using GREET 
A complete evaluation of energy and emission impacts due to transportation 
involves consideration of the complete cradle-to-grave life cycle of the fuels being used.  
With sponsorship by the U.S. Department of Energy, Argonne National Laboratory 
(ANL) has developed a full life-cycle model called GREET (Greenhouse gases, 
Regulated Emissions, and Energy use in Transportation) that evaluates various vehicle 
and fuel combinations on a full fuel-cycle basis.  The GREET program is a 
multidimensional spreadsheet model developed in Microsoft Excel and is available for 
download from Argonne National Laboratory’s website free of charge (Argonne National 
Laboratory 2010). 
The GREET program offers a comprehensive comparison of the alternative fuels 
of interest to conventional petroleum fuels by estimating the energy consumption and 
emission of greenhouse gases and six air pollutants for the full life cycle of the fuels, or 
the “well to the wheels.”  The broader scope of the fuel cycle is accounted for by tracking 
the energy consumption and emissions associated with all the processes involved from 
the start of production (the well) to either the pump or all the way to combustion of the 
fuel at the car (the wheels) (Argonne National Laboratory 2010).  By modeling realistic 
data, GREET comparisons can provide a better understanding of energy consumption and 
environmental penalties associated with using various fuels.  Such knowledge is valuable 
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for making proper decisions on which alternative fuels to pursue and how to go about 
producing them. 
The GREET model has been used by many researchers to study transportation 
fuels, including biofuels (M. Wang 2001).  While crop-fuels have been studied for years 
using GREET, parameters involving the production of algal biofuels have been recently 
incorporated into the program.  The main objective of this work is to compare biodiesel 
derived from algae with both petroleum fuels and other commonly used alternative fuels.  
Conventional gasoline and low-sulfur diesel, or simply gasoline and diesel in this report, 
are modeled as the baseline scenarios, both to be compared with each other and to the set 
of alternative fuels.  Ethanol is considered in the report because it is a highly common 
alternative fuel source and is currently used as an oxygenated additive for gasoline.  In 
the U.S., soybean is the most commonly used feedstock for biodiesel production, and is 
therefore also reported in the evaluation.  
10 
 
 
 
 
 
CHAPTER II 
 
METHODOLOGY 
 
 
Pathways in GREET 
Petroleum 
A major reason for developing alternative fuels is to displace petroleum products.  
For this reason, the petroleum fuels of gasoline and diesel are the baseline fuels used in 
this study.  For the petroleum fuel pathways GREET includes petroleum recovery, 
transportation of the crude oil to the refineries, petroleum refining, and transportation of 
the ready fuel to the refueling stations.  For the conventional gasoline pathway, petroleum 
refining today typically involves the addition of corn ethanol as an oxygenate at about 
2.3% oxygen (O2) by weight.  However, this blend, known as E10, will be evaluated 
separately from conventional gasoline.  Both E10 and gasoline have sulfur contents of 
25.5 ppm in this evaluation.  Petroleum refining for diesel is a little more strenuous, 
however.  Transportation diesel now requires more refining and is sold as low-sulfur 
diesel (LSD) with a sulfur content of 11 ppm.   
 
Electricity 
All of the processes described in GREET are subject to purchasing electricity 
from the grid for energy needs.  GREET offers various electricity pathways to choose 
from that are specific to the fuel source mixes used for the general U.S., Northeastern 
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U.S., and California.  The electricity pathway chosen for all fuel pathways in this exercise 
is the general U.S. mix.  This pathway reflects energy consumption and emissions 
involved in upstream electricity production for a majority of the United States.  The U.S. 
mix is described in GREET to be generated by 22.9% natural gas, 46.5% coal, 20.3% 
nuclear, and the remainder being from sources such as geothermal, hydroelectric, solar, 
and wind energy.  This corresponds to about 69% of the U.S. mix pathway being 
produced by fossil-energy.  Figure A1 of the Appendix gives a more detailed description 
of the process of electricity generation.  The energy conversion efficiency for fossil fuel 
powered electric plants is about 35%, resulting in a consumption of 2.34 mmBTU to 
make 1 mmBTU available at the wall outlet for consumer use (M. Wang 2005). 
 
Ethanol 
While other means of producing ethanol do exist and are being researched, the 
assumption that the ethanol pathway is 100% corn is used for this analysis.  For the corn-
to-ethanol pathway, GREET includes the production and transportation of fertilizers, corn 
farming, corn transportation to the ethanol plants, ethanol production, and transportation 
of ethanol from the plants to the pumping stations.  Over the years, the process of 
producing ethanol from corn has become rather well established.  The total energy and 
fossil energy consumptions for each stage of the process are listed in Table A1 of the 
Appendix. 
Ethanol is produced in either dry or wet milling plants.   While wet milling plants 
were more popular in the past, dry milling plants require lower capitol costs and consume 
less energy, making them the most commonly used mills for ethanol production today.  
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GREET estimates that 88% of all ethanol plants are dry mills.  Ethanol production plants 
are the largest consumers of fossil-energy in the corn-to-ethanol fuel cycle (M. Wang et 
al. 1999). The majority of corn ethanol plants are powered by natural gas.  Energy cost is 
the second largest cost item after corn feedstock cost for ethanol plant operation (M. 
Wang 2005).  
In dry milling plants, ethanol is produced from fermentation of starch, and the 
residues from fermentation become high-protein distillers’ dry grains and solubles 
(DDGS), which are sold as animal feeds.  In a typical dry milling plant, only one-third of 
the total corn kernel mass is converted to ethanol.  Another one-third resides in the 
DDGS animal feed co-product while the remaining third becomes CO2.  While carbon 
dioxide is sometimes sold for commercial beverage use, GREET does not consider CO2 
as a co-product (M. Wang 2005).  Corn oil, gluten, and other high-value products are 
produced with ethanol in wet milling plants and are sold as co-products.  The energy 
consumption and emission burdens associated with the co-products formed during 
ethanol production are modeled by mass-allocation in this study. 
 
Biodiesel 
Since most of the biodiesel produced in the United States is derived from 
soybeans, the GREET program defines the biodiesel pathway parameters largely on 
values obtained from years of data collected from established soybean-to-biodiesel 
production practices.  Much like the ethanol pathway, the biodiesel pathway in GREET 
starts at the farming and harvesting stage. From here, however, the soybeans are gathered 
from the crops and are transported to the soybean processing plants for oil extraction.  
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Once extracted, the soybean oil is transported and converted into biodiesel. The total 
energy and fossil energy consumptions for each stage of the process is listed in Table A2 
of the Appendix. 
At soybean processing plants, soybean seeds are crushed, soy oil is extracted from 
the crushed seeds, and crude soy oil is refined. Soybeans contain 18–20% oil by weight. 
To maximize soy oil production, organic solvents are used during oil extraction. The 
solvent extraction process is a widely used and well-established technology and is used in 
this analysis. The standard solvent extraction process uses n-hexane that is produced from 
petroleum. Most of the n-hexane used in oil extraction is recovered and recycled, with 
some inevitable loss (Huo et al. 2008).  Co-products produced during the extraction phase 
include soymeal and soy oil. 
Extracted lipids are transported and converted to biodiesel by transesterification.  
Transesterification is the process of converting plant oils into biodiesel fuel. Fats and oils 
from plants and animals consist of triglycerides, which are esters containing three free 
fatty acids and a glycerol molecule.  Chemically, transesterification refers to the process 
of exchanging the organic group R” of an ester with the organic group R’ of an alcohol, 
and is usually catalyzed by a base catalyst in industry.  The short-chain alcohol gives up a 
proton to the base catalyst, encouraging the alcohol to bond with the triglycerides.  After 
reaction, the effluent mixture is allowed to settle, leaving glycerin on the bottom and fatty 
acid methyl esters, or biodiesel, on the top (Oilgae 2012). The transesterification process 
is modeled in GREET using the well-established values for soybean-derived fuels 
obtained from years of production.  The alcohol used in this analysis is methanol.  Other 
materials consumed during the conversion process include the catalysts sodium 
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hydroxide, sodium methoxide, and hydrochloric acid.  Conversion co-products are treated 
by energy allocation. 
 
Algae Process Description 
Because of the popularity of soybean oil as a biodiesel feedstock, the soybean 
pathway options in GREET are more complete than the pathways for algal biofuel 
production. In 2011, the GREET program was expanded to include updated and more 
thorough algal-based pathways using a separate, downloadable Excel spreadsheet called 
the Algae Process Description.  This helper tool facilitates the collection of different unit 
processes for algae biofuel pathways and transfers the selected options to GREET.  While 
allowing more detailed results, the algae-to-biodiesel pathways in the expanded file are 
still more theoretical and conceptual rather than mature, demonstrated processes like 
those of soybean.  Many of the operations are extrapolated to new applications they were 
not designed for or are scaled up from laboratory results (Frank et al. 2011). 
 
 
 
Figure 1 
 
Flow diagram of the algae-to-biodiesel process. 
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Figure 1 shows a basic flow diagram of the algae-to-biodiesel process.  The 
general idea is to grow algae, extract the lipids, and convert the oil into biodiesel.  Algae 
have been cultivated for many years for other applications such as medicinal and 
nutritional purposes.  So techniques for cultivating mass quantities of algae, while not 
perfected, do already exist (Singh and Gu 2010).  Once harvested, the oil extraction phase 
of the process begins.  Several methods of extraction exist and are considered in the 
GREET program, but regardless of the path chosen, this part of the algae-lipid process 
remains very energy intensive.   Once extracted, the oil is converted into biodiesel via the 
process known as transesterification.  Each of the sections are described in detail below 
and their contributions to total energy and fossil fuel consumption are listed in Table A3 
of the Appendix. 
 
Carbon Dioxide Transportation 
Carbon dioxide consumption is based on the ratio that algae require 1.9 g of CO2 
per gram of algal biomass to grow properly (Chisti 2007).  The source of the carbon 
dioxide is assumed to be flue gas from a nearby factory.  The flue gas is delivered with a 
pumping efficiency of 85%, resulting in a gross CO2 requirement of 2.24 g per gram of 
algal biomass.  CO2 is recovered throughout the process and is recycled back to the 
growth pond.  When considering emissions, algae biofuels, as well as soybean biofuels, 
are awarded a significant CO2 credit due to its consumption during the growth of the 
feedstock (Frank et al. 2011). 
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Growth and First Dewatering 
The first stage of the algal-biofuel process is the cultivation and harvesting of the 
algae.  Planktonic algae can be grown in both open ponds or in controlled environments 
called photobioreactors (PBRs).  While better control of variables such as temperature 
and gas exchange can be obtained in PBRs, GREET has insufficient data to conduct a 
proper analysis of algae cultivation of this manner and uses open pond data.  This stage 
requires the addition of carbon dioxide and nutrients to the algae cultures for proper 
growth (Frank et al. 2011).  The algae modeled in GREET is assumed to have a modest, 
yet practical, 25% lipid content. 
Growth and first dewatering account for almost all the water movement in the 
pathway.  Pumping is required when the culture is moved to first dewatering for settling 
and after dewatering when the supernatant is returned back to the growth ponds.  Water 
needed to replace the volume that is lost to evaporation is considered as well.  Also, at 
high culture densities the algae require continuous mixing by paddle wheel to remain 
suspended in the water medium. It is common knowledge in engineering practices that 
moving water is not cheap and should be done as little as possible.  Therefore, the water 
movement operations in GREET needed for the cultivation of algae are based on 
wastewater treatment plant (WWTP) rules of thumb for best practice (Frank et al. 2011). 
 
Nutrients 
Nutrients other than CO2 are assumed to be consumed stoichiometrically based on 
a carbon : nitrogen : phosphorus (C : N : P) composition of 103 : 10 : 1.   This ratio 
accounts for the common practice of nitrogen limitation during growth to stimulate lipid 
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accumulation. Since commodity agricultural chemicals will often be used in algae 
production to minimize cost, GREET assumes that the easily obtainable ammonia (NH3) 
and diammonium phosphate (DAP) are sufficient nutrient sources and performs a life-
cycle analysis on those nutrients alone. 
 
Second Dewatering 
Once gravity has done its job removing water, the concentrated algae are ready 
for a second dewatering process.  This is modeled using a two-part process of dissolved 
air flotation then centrifugation.  Dissolved air floatation is a process that removes 
suspended solids using pressure to force the formation of air bubbles.  The bubbles 
adhere to the suspended matter and float to the top to be skimmed.  Further water is 
removed by the use of centrifuges based off of the Harris et al. (1982) rule of thumb of 
one horsepower per gallon per minute.  Lost algae proceed to anaerobic digestion (Frank 
et al. 2011). 
 
Oil Extraction 
Various methods of extracting the oil from the algae cells have been studied such 
as pressure homogenization and hexane extraction.  This work focuses on pressure 
homogenization because it is an established process while hexane extraction has not yet 
been demonstrated at large-scale, algal-lipid developments.  Pressure homogenization is a 
process commonly used to disrupt bacteria in wastewater treatment processes.  Using this 
on algae is a well received means of lysing algae cells for oil extraction and is awarded a 
90% lysing efficiency in GREET.  The harvested algae slurry is assumed to be at 20% 
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solids with some reductions in pumping efficiency for the high solids content.  
Undisrupted algae cells are assumed to flow downstream to digestion (Frank et al. 2011). 
 
Anaerobic Digestion (Recovery) 
 Anaerobic digestion (AD) is a process commonly used to break down organics 
through the use of microbes in the absence of oxygen.  The solids are metabolized and 
converted into gaseous mixture known as biogas, which consists mostly of methane 
(CH4) and carbon dioxide.  AD is often used in wastewater treatment plant to remove 
nitrogen and phosphorus before discharging the treated water.  For algal biofuel 
production, interest lies in anaerobic digestion’s ability to recover energy and nutrients. 
The CH4 released from digestion is used to fuel a combined heat and power (CHP) 
system.  The CHP system is a process that combusts the biogas in order to alleviate the 
need to buy energy from the grid, thus granting energy credits to the algae pathway.  The 
excess heat from the CHP system is used to heat the digester and other on-site 
applications in need of thermal energy (Frank et al. 2011). 
 
Biogas Cleanup 
 Biogas in other applications usually contains impurities such as hydrogen sulfide, 
siloxanes, halogenated organics, particulates, and moisture that must be removed prior to 
combustion to avoid structural damages to the CHP turbine (Mintz et al. 2010).  Due to 
insufficient data regarding algae-derived biogas, the algae process description assumes 
cleanup will be required in this case as well.  The original CO2 found in the biogas and 
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the newly generated CO2 from methane combustion is recaptured and added back to the 
system for algae growth (Frank et al. 2011). 
 
Soil Amendment Transportation 
 Also recovered from the anaerobic digester are the nutrients of carbon, nitrogen 
and phosphorus.  The C is assumed to be found in the carbohydrates remaining after 
digestion and is represented as glucose. The amount of C remaining in the digested 
biomass is estimated by subtracting the carbon in the CH4 and CO2 from the carbon 
entering the digester.  The N and P are found in the protein fraction of the biomass, and it 
is assumed that all of the N and P of the system are retained in the algae cells that enter 
the digester.  The nutrient-rich effluent is modeled to be soil amendments and provides 
the algae pathway with a fertilizer credit (Frank et al. 2011).  GREET considers soil 
amendment transportation affects on the production pathway. 
 
Conversion to Biodiesel 
 Extracted algae lipids are transported and converted to biodiesel by 
transesterification for this analysis. The transesterification process is modeled in GREET 
using the well-established values for soybean-derived fuels under the assumption that 
algae oil conversion efficiencies and transportation costs will not vary significantly from 
those of soybean oil (Huo et al. 2008).  Conversion co-products are treated by energy 
location.  
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Co-Product Treatment for Biofuels 
Nutrients and CO2 are recovered and reused in the process, reducing the net 
consumption of these materials for each pathway.  Energy needs are also displaced when 
electricity and heat energy is generated during biogas combustion.  Unfortunately, co-
product treatment cannot be handled in such a straightforward manner.  To fairly assess 
the energy and emissions of the primary product, co-products formed during the life cycle 
are assigned credits to alleviate the burden and account for their contribution to energy 
use and emissions.  Two methods commonly used are displacement and allocation 
methods.   
The displacement method assumes a conventional product is displaced by a new 
product.  The energy consumption and emissions generated during production of the 
displaced product are counted as credits for the new product that is co-produced during 
the fuel-cycle. The credits are then subtracted from the contributions of the primary 
product.  During the production of biofuels from soybeans, for example, the co-product 
soy meal is assumed to replace soybeans, and petroleum-based glycerin is replaced by 
soybean-based glycerin (Huo et al 2008). 
The allocation method disperses the energy use, feedstock use, and emissions 
between the primary product and co-products on the basis of energy content, mass, or 
market value.  An allocation method that portions the energy burdens of the co-products 
is used in this evaluation.  With the energy-value-based allocation method, the energy 
contents of the primary product and co-products are used to split the burden of energy 
input, feedstock input, and pollutant emissions.  As an example, soy meal is generated 
during the production of biodiesel from soybeans and is sold as an animal feed.  The by-
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product is credited with an energy value measured as the energy released during digestion 
(Huo et al 2008). 
The energy allocation method is easier to implement than the displacement 
method in terms of data requirements.  However, co-products like soy meal have low 
energy values but are valuable to the animal feed market, causing an energy allocation 
credit to greatly underestimate the co-products actual value.  On the other hand, if there 
are a large amount of co-products generated, the displacement method could give 
misleading results through credit overestimation (Frank et al. 2011).  In attempt to avoid 
these issues, a hybrid approach is utilized in this study for the production of biodiesel 
from algae.  Glycerin, heavy oils, and electricity from biogas combustion are treated by 
energy allocation while fertilizer co-products are addressed with the displacement 
method.  Glycerin is treated as an energy product under the assumption that extensive 
biodiesel production will heavily oversupply the market with glycerin, lowering its 
economic value (Malveda et al. 2005).   
 
Stochastic Simulations 
 The GREET model incorporates a large number of input variables and associated 
output results.  Many of the input parameter assumptions, however, involve uncertainties, 
which can be represented by probability distributions describing the trend of occurrence.  
A stochastic simulation tool has been developed to address these uncertainties by 
integrating various sampling techniques.  The stochastic simulation model is a Microsoft 
Excel add-in file that assigns probability distributions and performs sampling of the input 
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parameters to generate output results that reflect the range of variance for the pathways 
under consideration (Subramanyan and Diwekar 2005). 
 There are many input variables found throughout the GREET spreadsheet that 
have probability functions assigned to them.  The stochastic model has eleven various 
built-in probability distributions, including normal, lognormal, uniform, and triangular 
distributions, to name a few.  The user is allowed to change these distributions as desired, 
but the default probability functions are utilized in this analysis. 
 Once the distribution methods are assigned to the probability input cells, a 
sampling technique and number of sample iterations to be performed must be chosen.  
The stochastic simulation tool allows a selection from the techniques of Monte Carlo 
Sampling (MCS), Median Latin Hypercube Sampling (MLHS), Hammersley Sequence 
Sampling (HSS), and Latin Hypercube Hammersley Sampling (LHHS).  Examples of 
sample points distributed on a unit square for the four sampling method are shown in 
Figure 2. 
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Figure 2 
 
Sample points (100) on a unit square using four sampling techniques 
(Subramanyan and Diwekar 2005). 
 
 
The proper sample size closely depends on the sampling technique being used.  A 
good sampling technique can minimize the number of samples needed to obtain correct 
results.  HSS, a recently developed method, is shown to have better performance and a 
convergence rate that is 3 to 100 times faster than the MCS or LHS methods (R. Wang et 
al. 2004) and is therefore chosen for this exercise.  The number of sample iterations 
chosen is one thousand.  
Although single point, mean-value results are useful when comparing fuels, 
consideration of the variance associated with probability estimates, or stochastic 
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simulations, make for more appropriate measures of evaluation. When the stochastic 
simulation is completed, an Excel spreadsheet is generated that lists the results of the one 
thousand sample iterations for each of the selected forecast options.  Bar graphs were 
generated in Excel to graphically and statistically compare the fuels by taking the mean 
of the set of iterations as the single point estimate for each category and using the 
standard deviation as the error bars.
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CHAPTER III 
 
RESULTS 
 
 
Results are reported and compared using both WTP and WTW pathways.  The 
segment of the pathway that includes all steps through delivery of fuel to the filling 
station is called the well-to-pump (WTP) portion.  The whole pathway, including the 
WTP and the combustion of the fuel on the road, is called the well-to-wheels (WTW) 
pathway. WTW results are presented when the full life cycle of each fuel is of interest, 
while WTP results are presented when the significant differences result from the pre-
combustion process.  The results for energy and fossil fuel consumption, as well as 
greenhouse gas and pollutant emissions, are tabulated in the Appendix for both the WTP 
and WTW pathways in Tables A4 and A5, respectively.  
 
 
Energy Consumption  
Figure 3 shows the well-to-pump total energy consumption.  This is the energy it 
requires to get one million units of energy of each fuel type to the pump.  A gallon per 
gallon comparison would not be appropriate since the energy content per gallon varies 
slightly from fuel to fuel. 
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Figure 3 
 
The energy required to get one million units of energy of each 
fuel type to the pump. 
 
It is easy to see in Figure 3 that it requires much less energy to ready the 
petroleum fuels for public consumption as opposed to the alternative fuels.  This is 
expected since these fuels were created naturally over a long span of time rather than 
forcing their existence via processes that require energy.  The energy expenditures for the 
petroleum fuels are from welling, pumping, refining, and transporting the fuel.  Both 
gasoline and diesel require less than a quarter million BTUs to get one million BTUs 
(mmBTU) of fuel to the pump, with diesel requiring slightly less energy than regular 
gasoline.   
Figure 3 shows that both biodiesel and ethanol require more than one unit of 
energy to get a unit of usable fuel.  The expenses for making biodiesel come from 
growing and harvesting the feedstock, extracting the oil, and converting the oil into 
biodiesel.  Ethanol fermentation is rather inexpensive since microorganisms do all the 
work, but purification, often done with distillation, is rather energy intensive.  Overall, 
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however, the process of making ethanol requires less energy than either the soybean or 
algae derived biodiesel types.  Ethanol consumes about 1.4 million BTUs to get one 
million BTUs of usable fuel to the pumps, while soybean and algae derived biodiesel 
require about 1.7 and 2.4 mmBTU/mmBTU of fuel, respectively. 
 While Figure 3 shows the total amount of energy consumed to get one million 
BTUs of each fuel to the pump, it does not necessarily depict the proper trend for fossil 
fuel consumption.  Figure 4 below shows fossil fuel usage for each fuel type by graphing 
the BTUs of coal, natural gas, and petroleum fuels consumed to get the same one million 
BTUs of fuel to the pumps.   
 
 
Figure 4 
 
The amount of fossil fuels consumed to get one million 
units of energy of each fuel type to the pumps.  
 
 As one would expect, the fossil fuel consumption is still lowest for the two 
petroleum fuels.  However, the difference in fossil fuel consumption is not as significant 
as the difference in total energy consumption between the petroleum and the alternative 
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fuels.  The fossil fuel energy consumptions for the three alternative fuels are much less 
than the total energy consumed due to energy recovery processes, alternative fuel credits, 
and purchasing energy upstream from nuclear and other non-fossil power plants.   
 The total amount of energy obtained via fossil fuels for algae-derived biodiesel 
and ethanol are very comparable while soybean biodiesel is credited with consuming 
slightly less total fossil fuels.  However, ethanol production is seen to require a 
substantial amount of natural gas while algae biodiesel is more dependent on coal and 
petroleum energy.   The amount of natural gas that the ethanol production process 
consumes deviates largely from the mean as depicted by the error bars generated by the 
stochastic simulations in GREET. 
 The results presented thus far describe the total energy and fossil fuel 
consumption required of each fuel to get an equivalent amount of energy to the pump.  
While these results are very meaningful when comparing the production of the various 
fuel sources, these results do not tell the whole story when evaluating fossil fuel 
consumption.  To obtain a proper understanding of the full life-cycle analysis of each 
fuel, a well-to-wheels analysis needs to be conducted.  Since equivalent amounts of 
energy of each fuel are being combusted on the pump-to-wheels portion of a total energy 
consumption analysis, the ratios of the WTW total energy consumption for each fuel 
remain fairly consistent with the WTP portion of the pathway.  However, the total fossil 
fuel consumption does not follow the same trend, as shown in Figure 5. 
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Figure 5 
 
The total amount of fossil fuel energy consumed in a 
complete, well-to-wheels life-cycle analysis. 
 
 Since biodiesel and ethanol are not sold at the pumps as pure fuels but 
rather as diesel and gasoline additives, GREET analyzes this portion of the pathway using 
the commonly sold mixture blends, BD20 and E10.  The two biodiesel blends are shown 
to consume over 5,000 BTU/mile less total fossil fuels than their two petroleum 
counterparts and the ethanol blend.  This occurs despite the fact that fossil fuel 
consumption for biodiesel production, especially algae-derived biodiesel, was much 
higher than that for petroleum diesel.  The savings on the WTW pathway arise because 
the energy in the biodiesel fuel is considered to be biogenic rather than fossil.  
The main purpose in developing alternative fuels is to alleviate dependency on 
fossil fuels.  Therefore, an analysis of energy consumption due to fossil fuels for each 
phase of the algae-to-biodiesel process provides knowledge of which operations to focus 
on for future improvements.  Figure 6 shows how each phase of the algae-to-biodiesel 
process compares with the other in terms of percent total fossil fuel consumption.   
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Figure 6 
 
The contributions to fossil fuel consumption occurring from the various processes 
involved in the production of biodiesel from algae feedstock. 
 
While there is no avoiding high energy cost when it comes to moving water, 
pumping at 14%, consumes less fossil fuels than several other stages of the algae 
pathway.  The life cycle of the nutrients ammonia and DAP are modeled to consume 17% 
of the total fossil fuels, while oil extraction claims even more.  The oil extraction method 
of pressure homogenization uses large amounts of energy, as seen in Table A4 of the 
Appendix.  While small in comparison, process energy for the digester is considered 
because it affects emissions.  The transportation of CO2 consumes fossil fuels while 
transporting the flue gas from an off-site source. The biogas cleanup and CO2 recovery 
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phases are considered together for fossil fuel consumption and result in 8% of the total 
fossil fuel use.  The soil amendment stage uses fossil fuels during the transportation of 
the digested biomass to be used as fertilizer.  
 
Greenhouse Gas Emissions 
 With concerns of global warming constantly growing due to the combustion of 
fossil fuels, a proper comparison of fuel types would not be complete without a 
greenhouse gas emission analysis. Greenhouse gases are gases in the atmosphere known 
to trap heat.  When considering potential climate perturbations due to human activity, the 
emissions of importance are methane (CH4), nitrous oxide (N2O), and, of course, carbon 
dioxide (CO2).   GREET conducts a full life-cycle analysis of these three greenhouse 
gases on both the WTP and WTW pathways.  Figure 7 shows the WTP total CO2 
emissions in grams/ mmBTU of fuel at the pump for each of the fuels being compared. 
 
 
Figure 7 
 
The total amount of CO2 emitted while getting one million 
units of energy of each fuel to the pumps. 
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 There is an obvious difference in CO2 emissions when comparing the process of 
getting petroleum fuels and alternative fuels to the pump.  Both algae- and soybean-
derived biodiesel, as well as ethanol, require plant feedstocks that consume CO2 for 
photosynthesis as they grow, which is represented by the negative carbon dioxide 
emission values.  Growing plants for fuel production is an excellent source of CO2 
sequestration that gives these types of alternative fuels a significant environmental 
advantage over their petroleum counterparts being displaced.  The difference in CO2 
reduction credits for ethanol and biodiesel arise from co-product credit allocations 
described in the process.  Emissions for the WTP petroleum pathways arise from residual 
oil, natural gas, and diesel use for pipeline and tanker transport.  Refinery emissions 
mostly occur from combustion of natural gas (Frank et al. 2011). 
 While the alternative fuels, especially the two types of biodiesel, prevail when 
considering controlling CO2 emissions, the same trend cannot be said of methane 
emissions on the WTP scale.  Figure 8 shows the total methane emissions involved in 
getting one million BTUs of each fuel to the pump.  The CH4 emissions generated by 
producing biodiesel from algae is significantly higher than that of the other fuels.  This 
unfortunate release of emissions occurs during the energy recovery phase of the algae-to-
biodiesel process.  Energy recovery is usually obtained by means of anaerobic digestion 
that breaks down lipid-extracted algal biomass via microorganisms in the absence of 
oxygen to produce biogas.  Biogas is largely composed of methane and can be used for 
combustion energy on site.   During the anaerobic digestion and biogas cleanup phases, 
methane is unavoidably lost to the atmosphere.   
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Figure 8 
 
The total amount of CH4 emitted while getting one million 
units of energy of each fuel to the pumps. 
 
Algae-derived biodiesel, as compared to gasoline, diesel, and soybean-derived 
biodiesel, also generates its fair share of nitrous oxide emissions during the WTP process, 
as shown in Figure 9.  N2O emissions throughout the algae-to-biodiesel process occur due 
to soil application from digestate solids and are estimated to be between 19 and 20 
grams/mmBTU of fuel at the pump.  However, ethanol emits a substantial amount more 
N2O than all the other fuels combined.  The tendency of deviation is also very large, 
ranging from about 32 to a monstrous 70 grams/mmBTU of fuel at the pump.  This is 
because a large amount of nitrogen fertilizer is used in corn farming.  Due to nitrification 
and denitrification processes, about 1.3% of the nitrogen applied to the cornfields 
eventually becomes N2O (M. Wang et al. 1997).  Soybean biodiesel and gasoline both 
emit less than 2 grams/mmBTU, while diesel nitrous oxide emissions are practically 
nonexistent.  
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Figure 9 
 
The total amount of N2O emitted while getting one million 
units of energy of each fuel to the pumps. 
 
 The scales of these emission graphs show that the mass of CO2 released in the 
WTW process greatly outweighs the CH4 and, especially, the N2O emissions.  The cause 
for concern for the methane and nitrous oxide emissions is that their global-warming 
potentials are 25 and 298 times that of carbon dioxide, respectively (IPCC 2008).  
Released during combustion processes, carbon dioxide is the most mass produced 
greenhouse gas, and it is often convention to use CO2 as a benchmark and collectively 
report all greenhouse gas emissions as CO2 equivalent emissions.  Figure 10 is a graph of 
the sum of the aforementioned emissions presented in CO2 equivalent units. 
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Figure 10 
 
The amount of total greenhouse gases emitted, in CO2 equivalent units, 
while getting one million units of energy of each fuel to the pumps. 
 
 The well-to-pump greenhouse gas emissions largely resemble the CO2 emissions 
presented in Figure 7.  While all fuels show some increase in total GHG emissions when 
accounting for CH4 and N2O, the alternative fuels remain negative since their feedstocks 
consume such large amounts of carbon dioxide.  However, the emissions for algae 
biodiesel and ethanol both increase quite noticeably due to the impact of the methane and 
nitrous oxide emissions related to their production processes.  The mean estimate for 
ethanol GHG emissions remains slightly below zero, but is shown to deviate to a positive 
value.  This shows that producing biodiesel fuels is the better option in terms of 
discouraging climate change, with soybean biodisel GHG reductions being over 50% 
more than those claimed by biodiesel production from algae. 
While the production of the alternative fuels generates negative greenhouse gas 
emission values due to carbon sequestration credits, the well-to-pump pathway does not 
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include the combustion of these fuels.  Figure 11 shows the full well-to-wheels 
greenhouse gas emissions for each fuel in CO2 equivalent units of grams/mile.   
 
 
Figure 11 
 
The amount of total greenhouse gases emitted, in CO2 
equivalent units, for a full well-to-wheels life-cycle analysis. 
 
 The differences in GHG emissions between the fuels for the WTW pathway are 
less significant than those of the WTP pathway.  Nevertheless, The CO2 consumption that 
occurs during the growth of the biodiesel feedstocks is evident for the BD20 diesel 
blends, with soybean BD20 remaining the victor.  The gasoline blend E10, however, does 
not seem to benefit from its petroleum additive, ethanol, in terms of overall GHG 
emissions.  Since gasoline, diesel, and E10 are so close in number of emissions per mile, 
Figure 11 plainly suggests the reductions in greenhouse gas emissions attributed with 
using biodiesel as a diesel additive.  
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Pollutant Emissions 
 In addition to monitoring greenhouse gas emissions, it is good practice to evaluate 
the six criteria pollutants addressed by the EPA in the National Ambient Air Quality 
Standards.  These pollutants of interest are carbon monoxide (CO), oxides of nitrogen 
(NOX), oxides of sulfur (SOX), volatile organic compounds (VOCs), and particulate 
matter of diameter 10 microns and 2.5 microns (PM10 and PM2.5).  Pollutant emissions 
were evaluated for the entire well-to-wheels life-cycle analysis and are shown in Figures 
12 and 13. 
 
 
Figure 12 
 
The total emissions of CO, NOX, and SOX for the entire well-
to-wheels life cycle analysis. 
 
 The first thing to notice in Figure 12 is the large amount of CO emissions 
associated with regular gasoline and the gasoline blend, E10.  Carbon monoxide is a 
product of incomplete combustion of a carbonated fuel, and is mostly formed by mobile 
sources.  The red blood cells in a human body have a much higher affinity for CO than 
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oxygen, causing a reduction in oxygen delivery to the body’s organs if CO is present in 
the air being breathed.  At low concentrations, symptoms such as headaches and 
dizziness occur, but at high concentrations carbon monoxide can be fatal (EPA 2012b). 
Spark ignition (SI) gasoline engines, using catalytic converters, are known to emit 
10 times as much CO as comparable diesel engines.  This is because their catalytic 
converters are designed to operate at the stoichiometric ratio where there is just enough 
oxygen for complete combustion of the gasoline.  As the fuel/air ratio increases, such as 
during acceleration enrichment, the concentration of CO increases rapidly.  Diesel 
engines employ a very lean fuel/air mixture with excess oxygen that fully oxidizes the 
carbon to CO2 with only a small amount of CO (Fairbanks 2006).  This characteristic of 
diesel engines keeps the CO emissions much lower for diesel fuels than for the gasoline 
and E10 fuels, as supported in Figure 12. 
 Oxides of nitrogen, denoted NOX, form by the reaction of nitrogen and oxygen in 
air at high temperatures, such as during combustion.  Nitrogen oxides are of concern due 
to a number of adverse effects on the respiratory system and their tendency to react with 
VOCs to form dangerous, ground-level ozone.  NOX is also a major cause of acid rain, 
which has the potential to damage crops and disrupt ecosystems within natural bodies of 
water.  While nitrogen oxides remain a problem today, mitigation measures, such as the 
utilization of catalytic converters in gasoline engines, have managed to steadily reduce 
total NOX concentrations in the United States (EPA 2012b). 
Catalytic converters in SI gasoline engines sufficiently reduce NOX emissions as 
long as the operating temperature is achieved and combustion is stoichiometric.  
However, these conditions are not always achieved during operation (Fairbanks 2006).  
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But, as Figure 12 shows, the overall NOX emissions of gasoline and diesel engines are 
very comparable, showing little deviance when mixed with ethanol or soybean diesel, 
respectively.  The algae-derived biodiesel blend, on the other hand, is shown to have 
higher NOX emissions for the whole fuel life cycle.  This is due to nitrogen oxide 
emissions that occur during the production of algae from excess nitrogen deposited in soil 
amendments.   
 Sulfur oxide gases are formed when fuels containing sulfur, such as coal and oil, 
are burned.  The majority of sulfur oxides spawn from burning fossil fuels at power 
plants or industrial facilities.  SOX also forms when gasoline is extracted from oil.  
Oxides of sulfur made the NAAQS’s list of criteria pollutants due its respiratory effects 
and contributions to visibility impairment.  Sulfur oxide is also a large producer of acid 
rain, especially in the southeast United States where burning higher sulfur coal is 
common for energy production (EPA 2012b). 
 Figure 9 shows the algae-derived BD20 having slightly lower SOX emissions than 
the other fuels. The sulfur oxide emissions for the other four fuels are relatively even, 
having mean values at around 0.11 to 0.15 grams/mile, while algae BD20 has sulfur 
oxide mean emissions less than 0.10 grams/mile.  This slightly lower SOX emission value 
occurs as a result of the algae cultivation process and the fact that biodiesel remains 
sulfur free.  Algae, depending on the strain, have the potential to break down sulfur 
during growth, leading to a reduction credit in sulfur oxide emissions.  The various 
strains available and their accompanying nutrient requirements result in wide-ranging 
deviations in sulfur oxide emissions for the WTP process.  These variances range from 
40 
algae biodiesel being the largest SOX emitting fuel of comparison to being credited with 
negative emissions as described in Table A4 of the Appendix.  
 
 
Figure 13 
 
The total emissions of VOCs, PM10, and PM2.5 for the entire 
well-to-wheels life cycle analysis. 
 
 While it is a concern to society to try and preserve the layer of ozone naturally 
found in the stratosphere, it is just as preferred to keep ozone out of the air on the ground 
level.  Ozone at ground level is a harmful air pollutant and is one of the primary measures 
of air quality.  Ozone (O3) occurs in the lower atmosphere in photochemical smog as a 
result of oxides of nitrogen reacting with volatile organic compounds (VOCs) in the 
presence of sunlight.  VOCs are organic chemicals that occur in internal combustion 
engines and have high vapor pressures, causing them to remain in the vapor phase in the 
surrounding air.  Because of their harmful reaction with NO2, VOCs are listed as one of 
the six standard air pollutants to be monitored (EPA 2012b). 
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 When comparing VOC emissions for the full WTW pathway, Figure 13 shows 
that diesel VOC emissions are usually less than half that of gasoline powered engines.  
The addition of only 10% ethanol does not seem to noticeably affect the amount of VOCs 
emitted by SI gasoline powered vehicles on the road today. The standard deviations of 
conventional diesel and algae BD20 have sufficient overlap to say the addition of algae-
derived biodiesel as a diesel additive at 20% does not significantly affect VOC emissions.  
Figure 13 does show a slight increase in VOC emissions for soybean BD20.  This is 
attributed to the emissions of VOCs that are emitted on the well-to-pump portion, as 
listed in Table A5 of the Appendix, for these two types of biodiesels.  While making 
biodiesel from algae does emit some VOCs during the production process, the emissions 
by soybean biodiesel production largely overshadows that of algae, which, as Figure 13 
shows, is evident when used as a diesel additive. 
 Particulate matter (PM) refers to extremely small particles, solid or liquid, that are 
suspended in the atmosphere and are made up of components such as acids, organic 
chemicals, metals, and soil or dust particles.  Sources of particulate matter can be man 
made or natural, but often result from human activities such as the combustion of fossil 
fuels. Anthropogenic particulates, or those made by human activity, currently account for 
about ten percent of the total mass of particulate matter in our atmosphere.  The EPA 
groups particle pollution into two categories:  PM10, or particulate matter smaller than 10 
microns in diameter, and PM2.5, or particulate matter of size smaller than 2.5 microns.  
While particles greater than 10 microns are typically filtered out of the air naturally by 
our nasal passages as we breath, particles less than 10 microns in diameter are capable of 
being inhaled and are proven to cause serious respiratory problems.  Particulate matter 
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smaller than 2.5 microns can be directly emitted into the air or form when gases react in 
air, such as when photochemical smog forms (EPA 2012b). 
 PM10 emissions, in Figure 13, are shown to be about the same for gasoline and 
diesel engines.  The mass of PM2.5 emissions resemble those of PM10 for gasoline, but 
drop nearly in half for diesel engines on a WTW analysis.  The oxygenated gasoline 
mixture, E10, has about the same amount of PM10 emissions as conventional gasoline but 
is simulated to release less of the smaller, 2.5-micron particles. Diesel with the soybean-
derived additive shows a doubling of both particulates for the life-cycle analysis. Even 
more significant of an increase in particulates is algae based BD20 over diesel, showing 
that the addition of these diesel additives has a relatively large consequence in particulate 
matter emissions.  This increase in PM occurs during the WTP portion of the life-cycle 
analysis, largely due to the use of coal as an energy source for production. 
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CHAPTER IV 
 
DISCUSSION AND CONCLUSION 
 
 
Wastewater Treatment Plant Scenario 
Along with a few other nutrients, algae need nitrogen (N) and phosphorus (P) to 
grow.  The GREET program assumes that ammonia (NH3) and diammoniam phosphate 
((NH4)2HPO4) adequately provide all the needed nutrients for proper algae cultivation.  
The program then accounts for the energy use and emissions brought about by obtaining 
these nutrients and are automatically added to the final simulation results.  As previously 
stated in the results and again shown in Figure 14, the process of acquiring and using 
these nutrients are responsible for 17% of the total fossil fuel consumption for the well-
to-wheel portion of the algae to biodiesel life-cycle analysis.   
A popular idea when considering industrial cultivation of algae is to locate the 
algae farm and biodiesel production facilities at or nearby a wastewater treatment plant 
(WWTP). Municipal wastewater contains high concentrations of nitrogen and phosphorus 
as well as sufficient amounts of other trace elements that are needed for algae cultivation 
(Christenson and Sims 2011).  Typical municipal wastewater treatment plants have 
exploited algae’s ability to consume nitrogen and phosphorus for years as a way of 
reducing these elements before discharging treated wastewater.  This is done to prevent 
eutrophication, or algal blooms, that consume large amounts of dissolved oxygen from 
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occurring down stream and harming existing ecosystems.  A WWTP partaking in algae 
cultivation would receive the benefit of added N and P removal. 
 
 
Figure 14 
 
The contributions to fossil fuel consumption occurring from the various 
processes involved in the production of biodiesel from algae feedstock. 
 
 The GREET program does not consider a scenario where the nutrients are readily 
available for free when evaluating the life cycle of the algae-to-biodiesel process.  This 
makes it difficult to perform a full comparison evaluation in GREET for this situation.  
Fortunately, the amount of fossil fuels consumed during each part of the algae-to-
biodiesel process can be found on the algae spreadsheet in GREET and are shown in 
Figure 14.  By subtracting the 17% contribution to fossil fuel consumption generated by 
the life cycle of the nutrients needed for algae cultivation, a new comparison can be made 
that reflects fossil fuel use for an algae-to-biodiesel process located where the needed 
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nutrients are readily available.  Figure 15 shows the new WTP total fossil fuel 
consumption comparisons between the same fuels, but with the algae biodiesel being 
produced at a wastewater treatment plant. 
 
 
Figure 15 
 
The amount of fossil fuels consumed to get one million units of energy of 
each fuel type to the pumps for the wastewater treatment plant scenario. 
 
 When compared to the original WTP total fossil fuel consumption, listed in Table 
A5 of the Appendix, the algae biodiesel is shown to consume 100,000 less BTUs of fossil 
energy to get one million BTUs of fuel to the pump.  This decrease in fossil energy 
consumption positions algae biodiesel below ethanol, but still a little above soybean 
biodiesel, for total fossil fuel consumed during these production processes.   Since much 
the water movement necessary for growing algae already occurs at a WWTP, further 
reductions in fossil fuel consumption could possibly arise for this scenario in the growth 
and dewatering processes. 
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General Discussion 
The addition of either algae and soybean biodiesel to low-sulfur diesel displaces 
petroleum, lowering both the total consumption of fossil fuels and their associated 
emissions of greenhouse gases, as demonstrated by the GREET simulations.  
Unfortunately, according to GREET simulations the algae-to-biodiesel process, as it 
stands today, is much too energy intensive to be immediately economical. However, 
soybean-derived biodiesel, while more conservative than algae, also has a proclivity to 
consume a considerable amount of energy.  Despite this liability, soybean biodiesel has 
still managed to achieve a solidified position in the transportation fuel market due to its 
other, more beneficial qualities. 
One of the benefits propelling the use of soybean biodiesel is the low 
environmental impact when compared than diesel.  The benefits of reducing hazardous 
pollutants and GHG emissions are undeniable with biofuels, generating a “feel good” 
quality about them.  Regrettably, this characteristic can only carry a product so far 
economically.  While operating expenses are often persuaded heavily by energy 
consumption, a correlation between cost and greenhouse gas emissions is not always so 
obvious.  However, as concerns for global warming due to GHG emissions continue to 
rise, regulations and tax incentives regarding these emissions are becoming commonplace 
amongst industry.  Cap and Trade systems for the purchase and trade of CO2 emission 
permits are already established in ten states (Kraemer 2012).  This type of system creates 
growing economic incentives for reducing GHG emissions that biofuels may one day 
obtain substantial benefits from.   
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While fossil fuel use for algae biodiesel is approvable, the energy consumption 
results are not in algae’s favor as compared to the alternative fuels of ethanol and 
soybean biodiesel.  Biodiesel from soybeans and ethanol from corn are two biofuel 
processes that have been practiced and improved upon for many decades.  While once 
criticized for requiring more fossil fuel energy to produce than energy received upon 
combustion, ethanol now has been proven to generate a net positive energy ratio due to 
improved farming and production methods (Shapouri et al. 2002).  Biodiesel 
manufactured from soybeans has experienced similar developments in efficiencies over 
the years that have appreciably helped secure its place in the public transportation sector.  
As history shows, it is the nature of production processes to evolve into more efficient 
and economical practices as they mature over the years.  Using algae as a feedstock for 
biofuels is a relatively undeveloped approach that will inevitably undergo many 
improvements and become more sustainable as it grows. 
The algae cultivation and, especially, the oil extraction processes house room for 
a great deal of improvement.  If sizeable advancements can be made in these areas, the 
energy expenditures associated with preparing biodiesel from algae may begin to favor 
that of soybean fuels already on the market.  Lysing the algae cells for oil extraction is a 
critical step in the production of biodiesel from algae.  Claiming over 40% of the total 
electric and thermal energy needs for biodiesel production from algae, the extraction 
process proves to be the chief offender keeping algae biofuels from contending in the 
transportation market.  By focusing on achieving more efficient extraction methods, the 
gap in energy consumption between algae- and soybean-derived biodiesel can be 
lessened, allowing way for the production of algae for biofuels to prosper. 
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A considerable advantage algae holds over soybean and crop-based fuels is that it 
can be grown on non-arable land with practically any source of water.  The means of 
production are more flexible than those of crops restricted to arable land, and can be 
optimized by locating the facility near a nutrient source such as at a wastewater treatment 
plant. While locating an algae-to-biodiesel production facility at a wastewater treatment 
plant does not solve all the energy problems associated with the process, it does, 
however, make algae-derived biodiesel much more akin to soybean-derived biodiesel 
when considering the consumption of fossil fuels.  This is just an example of an 
innovative and easily executed improvement scenario that brings algae one step closer to 
being a competitive feedstock for biodiesel in the United States. 
 
Conclusion 
Overall, using algae to produce biodiesel is determined to be an energy intensive 
process that, while plausible, needs more developing.  The process of extracting the oil 
from the algae cells, in particular, shows to be a high-energy process in need of more 
research.  While energy consumption remains high, the algae-to-biodiesel life-cycle 
analysis shows noteworthy reductions of many primary pollutant emissions and, 
especially, greenhouse gas emissions.  These benefits, along with low land use, flexible 
cultivation environments, and minimal competition with food sources make algae a 
promising feedstock for biodiesel production that is creditable of further research and 
development. 
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Figure A1 
Process flow diagram for electricity generation at a typical power plant with 
35% efficiency. 
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Table A1 
Total energy and fossil fuel consumption for each stage of the 
corn-to-ethanol process. 
 
BTU/gal-ethanol Process Total Energy Fossil Fuel 
Fertilizer/ Pesticides 35,297 34,578 
Corn Farming 17,819 17,565 
Corn Transportation 9,122 9,096 
Dry Mill Production 93,497 32,591 
Wet Mill Production 121,661 51,771 
EtOH Transportation 18,654 18,106 
 
 
 
 
Table A2 
Total energy and fossil fuel consumption for each stage of the 
soybean-to-biodiesel process. 
 
BTU/lb-soyoil Process Total Energy Fossil Fuel 
Fertilizer/ Pesticides 44,551 42,476 
Soybean Farming 109,703 108,600 
Soybean Transportation 35,216 35,124 
Soyoil Extraction 4,470 4,320 
Soyoil Transportation 153 153 
Conversion to Biodiesel 3,766 3,657 
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Table A3 
Total energy, fossil fuel, electricity, and thermal energy consumption for each stage of 
the algae-to-biodiesel process. 
 
Total Energy Fossil Fuel Process BTU/kg-algae oil % BTU/kg-algae oil % 
CO2 Transportion 2,322 2% 1,338 6% 
Growth and 1st Dewatering 11,932 10% 3,114 14% 
Nutrients 4,096 3% 4,006 17% 
2nd Dewatering 3,764 3% 1,426 6% 
Oil Extraction 83,278 68% 4,414 19% 
Anaerobic Digestion 5,346 4% 590 3% 
Biogas Cleanup 4,700 4% 1,781 8% 
Soil Amendment Transportation 900 1% 898 4% 
Conversion to Biodiesel 5,453 4% 5,453 24% 
     
Total Energy Usage 121,791 100% 23,020 100% 
Recovery/ Biogas Combustion 26,542 22%   
 
 
 
 
 
 
 
 
 
Electricity Site Electricity Site Thermal 
Process BTU/kg-
algae oil % 
BTU/kg-
algae oil % 
BTU/kg-
algae oil % 
CO2 Transportation 640 11% 777 6% 0 0% 
Growth and 1st Dewatering 1,375 23% 4,299 31% 0 0% 
Nutrients 294 5% 0 0% 0 0% 
2nd Dewatering 676 12% 2,115 15% 0 0% 
Oil Extraction 767 13% 2,397 17% 10,544 78% 
Anaerobic Digestion 280 5% 875 6% 2,987 22% 
Biogas Cleanup 844 14% 2,641 19% 0 0% 
Soil Amendment Transportation 900 15% 900 6% 0 0% 
Conversion to Biodiesel 100 2% 0 0% 0 0% 
       
Total Energy Usage 5,876 100% 14,004 100% 13,531 100% 
Recovery/ Biogas Combustion   13,011 93% 13,531 100% 
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Table A4 
Well-to-Pump (WTP) results for energy consumption and greenhouse gas and pollutant 
emissions.  Listed as mean over standard deviation in BTU or grams/mmBTU of fuel 
available at the pump 
 
  Gasoline  Diesel 
Algae 
Biodiesel 
Soybean 
Biodiesel 
Ethanol 
231,091  206,215  2,395,849  1,692,098  1,361,103 
Total Energy Consumption 
17,896  39,611  56,500  42,467  85,741 
210,623  202,745  570,044  416,879  560,518 
Total Fossil Fuel Consumption 
17,489  39,053  21,675  9,711  72,208 
16,944  15,404  182,214  103,718  88,786 
Coal Consumption 
2,445  3,134  17,889  4,326  9,103 
120,230  114,244  260,745  264,395  407,187 
Natural Gas Consumption 
10,175  21,347  8,785  6,848  65,270 
73449  73,098  127,085  48,766  64,545 
Petroleum Consumption 
6228  15,465  2,290  1,051  5,724 
15805  16,688  ‐52,470  ‐52,466  ‐26,203 
CO2 Emissions 
1377  3,142  2,429  1,326  4,564 
148  147  588  133  221 
CH4 Emissions 
4.6  11.0  10.1  3.4  33.5 
1.3  0.2  19.6  1.8  50.2 
N2O Emissions 
0.4  0.0  0.5  0.1  18.5 
19,901  20,429  ‐31,921  ‐48,608  ‐5,709 
Total GHG Emissions 
1484  3423  2394  1309  7959 
12.7  12.4  43.1  15.6  32.2 
CO Emissions 
2.7  3.1  13.0  3.0  6.2 
49.9  48.6  155.5  46.8  102.3 
NOX Emissions 
7.7  8.6  63.0  5.5  13.2 
27.6  26.5  16.8  37.4  68.3 
SOX Emissions 
6.6  7.5  57.5  14.9  22.3 
27.6  8.2  16.6  86.1  54.0 
VOC Emissions 
12.4  2.0  1.1  1.6  13.0 
7.9  7.2  39.4  26.9  35.3 
PM10 Emissions 
1.9  2.1  15.7  9.3  9.5 
4.3  4.1  15.1  10.1  12.0 
PM2.5 Emissions 
0.8  0.9  5.1  3.0  2.7 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Table A5 
Well-to-Pump (WTW) results for energy consumption and greenhouse gas and pollutant 
emissions.  Listed as mean over standard deviation in BTU or grams/mmBTU of fuel 
available at the pump 
 
  Gasoline  Diesel 
Algae 
Biodiesel 
Soybean 
Biodiesel 
Ethanol 
5,263  4,942  6,619  5,427  5,479 
Total Energy Consumption 
313  330  413  343  320 
5,086  4,928  4,443  4,212  4,963 
Total Fossil Fuel Consumption 
305  328  291  278  297 
72  63  191  91  86 
Coal Consumption 
11  14  24  13  12 
514  468  580  485  568 
Natural Gas Consumption 
52  92  80  77  50 
4,499  4,397  3,672  3,636  4,309 
Petroleum Consumption 
263  263  220  218  254 
399  389  337  330  389 
CO2 Emissions 
22  30  25  24  21 
0.649  0.605  0.943  0.549  0.663 
CH4 Emissions 
0.042  0.057  0.068  0.049  0.041 
0.017  0.013  0.027  0.021  0.027 
N2O Emissions 
0.007  0.007  0.007  0.007  0.009 
420  408  369  350  414 
Total GHG Emissions 
23  31  27  25  22 
3.808  0.589  0.613  0.597  3.811 
CO Emissions 
1.561  0.128  0.128  0.127  1.561 
0.355  0.340  0.422  0.345  0.364 
NOX Emissions 
0.044  0.046  0.066  0.043  0.044 
0.123  0.111  0.103  0.119  0.130 
SOX Emissions 
0.029  0.032  0.064  0.031  0.030 
0.298  0.122  0.128  0.148  0.303 
VOC Emissions 
0.081  0.034  0.034  0.034  0.081 
0.062  0.059  0.084  0.066  0.067 
PM10 Emissions 
0.009  0.009  0.017  0.010  0.010 
0.033  0.032  0.041  0.035  0.035 
PM2.5 Emissions 
0.005  0.004  0.006  0.005  0.005 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